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Materials
AbstrAct
Purpose: A study on the hot deformation behaviour and dynamic structural processes (dynamic precipitation 
operating during deformation at elevated temperatures) of nickel based superalloy was presented.
Design/methodology/approach: Compression tests were carried out on precipitations hardenable nickel based 
superalloy of Inconel 718 at constant true strain rates of 10-4, 4x10-4s-1 within a temperature range of 720-1150°C. 
True stress-true strain curves and microstructure analysis of hot deformed alloy were described. Microstructure 
examination has been carried out on the compressed samples of Inconel 718 alloy using an optical microscope 
- Nikon 300 and in the scanning electron microscope HITACHI S-3400 (SEM) in a conventional back-scattered 
electron mode on polished sections etched with Marble’s solution.
Findings: Structural observations of deformed at high temperatures, previously solution treated Inconel alloy 
revealed non uniform deformation effects. Distribution of molybdenum-rich carbides was found to be affected 
by localized flow within the investigated strain range at relatively low deformation temperatures 720 - 850°C. 
Microstructural examination of the alloy also shown that shear banding, cavities growth and intergranular cracks 
penetrating through the whole grains were responsible for decrease in the flow stress at temperature of 720, 800 
and 850°C and a specimen fracture at larger strains. On the basis of received flow stress values activation energy 
of a high-temperature deformation process was estimated. Mathematical dependences (σpl -T and σpl - ) and 
compression data were used to determine material’s constants. These constants allowed to derive a formula that 
describes the relationship between strain rate ( ε), deformation temperature (T) and flow stress σpl.
Research limitations/implications: Even though, the light optical microstructure observation of deformed 
samples revealed some effects of heterogeneous distribution of the phase components, in order to complete 
and confirm obtained results it is recommended to perform further analysis of the alloy by using transmission 
electron microscopy technique (TEM).
Practical  implications:  Interaction  of  precipitation  process  developed  during  deformation  below  solvus 
temperature  and  heterogenuos  deformation  (flow  localization)  can  become  a  significant  aspect  of  high 
temperature  performance  of  precipitation  hardenable  alloys  and  may  perhaps  also  allow  produce  specific 
microstructures of such deformed materials.
Originality/value: It is a scarcity of data which are to describe specific features of phase transformation 
processes in precipitation hardenable alloys. In addition, existing data do not allow to simplify structural features 
of dynamic precipitation and simplifying structural description of the process. The compression tests on age 
hardenable alloys and the analysis of dynamic precipitation process have got a practical meaning.
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1. Introduction 
One of the principal aims of a modern materials engineering 
is to prepare for each, as regard a chemical composition, type of 
alloy  potentially  universal  mechanical  (true  stress-true  strain) 
characteristic. These may allow to run a safe plastic deformation 
process of given material and make possible to forecast suitable 
microstructures  that  guarantee  appropriate  properties  of  final 
products,  what  is  the  main  target  in  many  forming  operations. 
Subsequently  chemical  and  phase  composition,  microstructure 
and method of deformation or even its parameters play decisive 
role  in  the  plastic  deformation  process.  These  factors  affect  a 
strengthening kinetics and changes of the microstructure and in 
the  end  the  mechanical  properties  of  a  material.  During  hot-
working  at  elevated  temperature,  the  softening  processes  are 
operating  simultaneously  with  deformation  process  and  large 
strains  can  be  achieved  without  any  essential  strain  hardening. 
Thermally  activated  softening  processes  affect  both  the  stress 
value and the final microstructure and thereby the properties of 
the material. The hardening due to deformation process is relaxed 
by  the  softening  process,  namely  recovering  and  (or) 
recrystallization.  It  is  assumed  that  at  high  deformation 
temperatures, materials with a high stacking fault energy such as 
aluminium,  nickel  etc.  dynamic  recovery  becomes  the  sole 
softening  process,  however  dynamic  recrystallization  may  play 
significant role in the softening of deformed materials with a low 
stacking  fault  energy.  The  two  processes  are  not  single  but 
include  a  number  of  different  phenomena  which  may  overlap 
these two broad processes. The driving force of both processes is 
the reduction of strain energy achieved by the rearrangement and 
removal  of  structural  defects.  The  efficiency  of  structural 
mechanisms  were  found  to  depend  on  the  parameters  of  hot-
working  process.  Deformation  temperature,  strain  rate  and 
amount of strain as well as pre-deformation heat treatment of the 
material  and  its  structure  are  important  factors  in  determining 
which structural mechanism will control the flow stress value and 
the final microstructure of the material. Deformation temperature 
and strain rate are basic variables for controlling the structural 
softening processes during hot deformation of the material. 
A phenomenon of precipitation process developing during hot 
deformation  (below  the  solvus  temperature)  of  solution  treated 
age hardenable alloys, at low strain rates in particular, is known as 
the dynamic precipitation. Dynamic precipitation process through 
interaction  with  the  other  processes  occurring  in  the 
microstructure of material undergoing hot deformation, certainly 
has an effect on both the flow stress value, the final structure and 
properties of the material.  
A  very  significant  aspect  of  plastic  deformation  is  the 
homogeneity  of  strain  distribution.  Hot-deformation  at 
intermediate  temperatures  may  results  in  localized  plastic  flow 
and  non-homogenous  deformation  of  the  material.  Flow 
localization caused  by  instability  of  substructure  and  collective 
motion of a large number of dislocations is typical for a coarse 
slip,  shear  banding,  Luders  bands  development  and  Portevin-
LeChatelier effect. In single phase alloys and pure metals flow 
localization  in  form  of  the  shear  bands  was  found  to  be 
preferential nucleation sites for the new statically and dynamically 
recrystallized grains.  
In the age hardenable alloys, dislocation substructure and the 
shear bands particularly, generate preferred sites for nucleation of 
precipitates.  Higher  vacancy  concentration,  the  consequence  of 
intensive straining as well as dislocation pipe diffusion during hot 
deformation of a material, leads to the nucleation and particles 
growth rate increment. The study of processes, taking place in 
microstructure under deformation, associated to dynamic aging of 
supersaturated  solid  solution  may  become  very  complicated 
because of the mutual interaction between the material structure 
and undergoing dynamic precipitation process. 
During last years attention has been given to the structural 
analysis  of  precipitation  process  which  takes  place  during  hot 
deformation  of  precipitation  hardenable  alloys  [1-10].  The 
interaction between deformation process and diffusion controlled 
phase transformation process is expected to be more effective at 
low and intermediate strain rates that grant enough time for the 
precipitation  to  proceed.  Dynamic  precipitation  process  was 
studied  on  limited  materials.  For  example,  the  retardation  of 
dynamic recrystallization due to dynamic precipitation was tested 
for HSLA steels [4-7]. It is worth to mention that the deformation 
process in HSLA steels have been assumed to be a homogeneous 
one. However, the homogeneity of deformation process was not 
examined  during  experiments  mentioned  above.  There  is  a 
shortage of data which are referred to specific features of phase 
transformation  processes  in  precipitation  hardenable  alloys. 
Moreover,  existing  data  do  not  allow  generalizing  structural 
features  of  dynamic  precipitation  and  simplifying  structural 
description of the process. The experiments on hot deformation of 
age hardenable alloys and the analysis of dynamic precipitation 
process  have  got  a  practical  meaning.  This  is  the  reason  to 
perform further experiments on other alloys. 
The flow stress curves for deformed materials are typically 
characterized  by  an  initial  hardening  range  followed  by  either 
steady-state flow or single-peak. Depending on the material, strain 
rate  and  deformation  temperature  multi-peaks  behaviour  might 
also  be  observed.  It  has  been  reported  that  for  the  metals  and 
alloys  that  exhibit  steady-state  flow  after  an  initial  hardening 
range  the  flow  stress  level  was  controlled  by  only  dynamic 
recovery process. However, single and multi-peak true stress-true 
strain  characteristics  are  associated  with  dynamic 
recrystallization. Moreover, it is common believed that the variety 
of particles morphology and/or the material texture could result in 
the flow stress peak development. The non-uniform deformation 
behaviour in some of the hot deformed material - localized plastic 
flow was found to be responsible for the observed flow softening 
after the initial peak. Thus, the flow softening can not be used for 
a simple dynamic recrystallization detection and careful structural 
observations  should  always  be  performed  to  analyze  structural 
processes which are responsible for the material softening during 
hot deformation. 
The present research work have raised from the analysis of 
previous  researches  performed  on  Cu-Ni-Si-Cr-Mg,  Cu-Ti  and 
low  carbon  steel  [1-6,14,20].  The  obtained  results  of 
strain/precipitation interaction have revealed much more complex 
structural processes than those reported for HSLA steels [4]. In 
particular,  non-uniform  deformation  was  observed  during  hot 
deformation,  which  was  found  to  affect  dynamic  structural 
processes  and,  in  consequence,  the  structure  and  mechanical 
properties  of  the  hot  deformed  alloys  [1-20,29].  It  has  been 
reported  that  the  plastic  instability  was  resulted  from  the 
interaction  of  discontinuous  precipitation  and  shear  bands 
development. The flow localization was accompanied by dynamic 
particles  coarsening  within  shear  bands.  The  flow  stress-strain 
behavior of Cu-Ni-Cr-Si-Mg alloy was affected and controlled by 
dynamic  precipitation  and  its  interaction  with  the  strain 
localization.  In  addition,  the  dynamic  coarsening  within  shear 
bands was reported to be responsible for further flow softening 
during hot compression of the material. The shearing process was 
found  to  be  self-induced  process,  i.e.  the  flow  localization 
accelerated  discontinuous  precipitation  and  the  precipitation 
coarsening  within  sheared  area  and  these  coarsened  particles 
promoted further flow softening. 
In order to test interaction of deformation with precipitation 
process, hot compression tests were performed on Inconel 718 - 
nickel based superalloy. The In718 alloy were chosen since it is 
hardenable  one,  therefore  it  is  suitable  for  testing  continuous 
precipitation interaction with deformation during hot deformation. 
Thus,  the  most  interesting  purpose  of  experiments  described 
bellow  was  to  study  the  mechanical  behavior  and  related 
structural  changes  that  take  place  during  hot  deformation  of 
supersaturated  Inconel  alloy  below  the  solvus  temperature 
(dynamic precipitation conditions). Emphasis was placed on the 
interaction of precipitation process with structural inhomogeneties 
that may develop during hot deformation. The main goal was to 
answer the question if the precipitation affects the deformation 
mode and, if nonuniform deformation development may induce 
dynamic  coarsening  of  particles  within  shear  bands.  The 
experimental results may allow to generalize the description of 
DP  process  in  the  alloys  undergoing  multi-step  phase 
transformation  including  continuous  precipitation  and 
discontinuous precipitation. 
2. Material and methodology 
2.1. Material 
In order to investigate the effect of the hardening phases on 
hot deformation behaviour, the uniaxial, isothermal compression 
tests at different temperatures and two strain rates were conducted 
on  the  solution  treated  precipitations  hardenable  nickel  based 
superalloy  Inconel  718.  The  chemical  composition  of  the 
investigated alloy is shown in Table 1. 
Table 1.  
Chemical composition of Inconel 718 (wt.%) 
C        0.0197 
P        <0.011 
S        0.0064 
Cr        17.957 
Si        0.0640 
Nb        4.5880 
Co        0.0527 
Zr        0.0159 
Ta        0.0221 
Ti        0.8734 
Fe        16.665 
Mo        2.6400 
Al        0.4917 
Mn        0.0537 
V        0.0137 
W        0.01322 
Ni        balance
2.2. Hot compression test 
Shear bands development and flow localization is expected 
during  hot  deformation  of  Inconel  718 alloy  which  may  affect 
both mechanical behaviour and structural features. Precipitation 
occurances during aging while the samples are to be compressed 
make  the  alloy  suitable  for  studying  the  interaction  of  flow 
localization and dynamic precipitation process. To intensify these 
phenomenon  the  alloy  has  been  compressed  at  relatively  low 
constant strain rate (10
-4, 4·10
-4s
-1) within the temperature range 
corresponding  to  temperatures  of  precipitation  of  hardening 
phases up to the true strain of 1.9. Elongated compression test 
make possible to reach a sufficient deformation value and long 
enough  deformation  time  which  was  required  for  diffusion  to 
control processes developing for the duration of deformation test. 
Computer-controlled, Gleeble test equipment was used for the 
compression test (figure 1). 
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Fig. 1. Outline of hot compression test and measured parameters 
in Gleeble thermo mechanical simulator 
The  cubicoidal  samples  (20x10x20mm)  were  conductive 
heated  to  1150°C  at  heating  rate  of  3°C/s,  held  for  300  s  and 
finally cooled to the compression temperature. The temperature 
was controlled by a type K thermocouple inserted and welded in 
the  opening  hollowed  out  in  the  central  part  of  the  sample  by 
spark  erosion  technique.  Three  additional  thermocouples  were 
used to acquire the distribution of the temperature from one of the 
faces to the centre of the specimen. A combination of graphite and 
molybdenum foils was used to  reduce the friction between the 
anvils and the specimen as well as the gradient of temperature 
along  the  specimen.  The  deformation  for  all  the  tests  was 
controlled by the stroke and measured by means of a loadcells 
attached  to  the  jaws.  The  tests  were  carried  out  in  an  argon 
atmosphere.
The  flow  stress  value  under  different  low  strain  rates  and 
different deformation temperature being examined. Additionally, 
the  properties  were  explained  through  observation  of  the 
microstructure using standard optical microscopy technique. 
3. Description of achieved results 
The influence of deformation parameters - temperature and 
strain  rate  on  the  flow  stress  curves  for  the  Inconel alloy  are 
shown in the figs. 2 and 3 (applied strain rate and temperature are 
indicated in the figures). 
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Fig. 2. Flow stress curves for Inconel 718 alloy deformed within 
temperature range of 720-1150°C and at strain rate of 10
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Fig. 5. Relationship between the flow stress and strain rate for 
solution treated Inconel 718 
The obtained stress-strain curves for both applied strain rates, 
in  the  range  of  720-850°C  particularly,  due  to  fracture  of  the 
samples do not give a true indication of a stationary plastic flow. 
Therefore,  for  an  evaluation  of  coefficients  required  for 
determination of the Q value of deformed Inconel alloy, only data 
obtained in the limited temperature range, were plastic flow was 
stable, namely 900-1150°C, have been used. The flow stress can 
be  selected  as  the  representative  stress  of  each  true  strain-true 
stress curve. Figures 4 and 5 show the relationship between flow 
stress  on  deformation  temperature  and  strain  rate,  respectively. 
The classic interdependence of the flow stress and deformation 
parameters can be seen, namely: the flow stress increased with 
decreasing  deformation  temperature  and  increasing  strain  rate. 
This behavior is similar to the results obtained by Guimaraes and 
Jonas [28].   
For the range of deformation conditions employed, flow stress 
as  a  function  of  deformation  temperature  and  strain  rate  was 
analyzed using a hyperbolic-sine Arrhenius type equation [21-26]: 
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where:
A (s
-1), Į (MPa
-1), n (closely related to the strain rate) - material 
constants,
x H (s
-1) - effective strain rate, 
Q  (J/mol)  -  experimental  activation  energy  for  deformation 
process,
T (°C) - deformation temperature, 
V (MPa) - flow stress value (ıpl), or stress coressponds to the first 
maximum at a true stress/true strain curve (ımax),   
R (8,314 J/mol·K) - universal gas constant  
The equation (1) can be rearranged to the following form: 
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Since  there  are  four  constants  in  the  equation  (2),  a  linear 
statistical  regression  methods  might  not  be  used  to  determine  the 
values of material constants Į, A, n and activation energy Q. Thus, to 
evaluate these values firstly a value of Į was determined, then the 
values of A, n, Q were calculated and finally the residual sum of 
squares  by  fitting  the  experimental  data  had  been  applied.  The 
residual sum of squares should be treated as a function of Į. The value 
of Į (0.009 MPa
-1) represents the stress reciprocal upon which the 
material changes from power to exponential stress depend.  
Table 2.  
Activation  energy  for  the  Inconel  718  deformed  in  the 
temperature range of 900-1150°C 
Temperature, °C 
900  1000  1050  1100  1150 
Strain 
rate
x H , s
-1 Activation energy Q, kJ/mol 
10
-4  590.1  495.7  443.0  424.9  380.05 
4x10
-4  550.1  461.3  412.4  395.5  353.7 
After the optimum value of Į was determined, the constants 
of A, n were fund to be: A=3.93x10
14s
-1; n=2.21. Thus, equation 
(1) can be expressed as: 
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Activation energy Q for the deformation process of Inconel 718 
is strongly affected by temperature and strain rate (Table 2). 
The  mean  value  of  activation  energy  for  high-temperature 
forming in the range of temperature 900-1150°C is 450,8 kJ/mol. 
For comparison, the activation energy evaluated by Weis [24] was 
423 kJ/mol and Medeiros et al. [25] - 400 kJ/mol. Estimated value 
of activation energy (Q) has a physical meaning and can be used 
in practice for modeling many types of engineering processes, e.g. 
analysis of plastic forming using the Finite Element Method. The 
effect  of  deformation  temperature  and  strain  rate  on  the  flow 
stress  can  be  expressed  by  the  Zener-Hollomon  parameter  Z.  
Fig.  6  shows  relationship  between  the  flow  stress  and  the  Z 
parameter. The flow stress value increased with increasing the Z 
parameter. 
One  must  notice  two  distinguishable  regions  on  the  flow 
stress  curves  of  the  solution  treated  samples  of  Inconel  alloy 
deformed  at  relatively  low  temperature,  namely:  720,  800  and 
850°C and with strain rate of 10
-4 s
-1 (see fig. 2). First region, 
which  occurs  at  applied  strain  not  exceeding  value  of  0.4,  is 
characterized by almost uniform strain increment due to effective 
static  precipitation  of  the  alloy.  The  second  region  is  the  flow 
softening followed by sample fracture at strain not exceeding the 
value of İ §0.6 (Fig. 2). However, the flow stress of the samples 
deformed with higher strain rate (4·10
-4 s
-1) increased to a peak 
value and then rapidly decreased as the strain further increased 
(Fig.  3).  Typical  structure  of  the  solution  treated  sample  of 
Inconel alloy deformed at 720°C at the strain rate of 10
-4s
-1 was 
shown  in  Fig.  7.  Coarse  slip  bands  in  the  grain  interiors  and 
localized  flow  shear  bands  development  was  observed. 
Microshear  bands  may  induce  localized  shearing  within 
neighbouring  grain  due  to  the  local  stress  concentration  at  the 
grain boundary and result in shear band development throughout 
the whole grains. Non-uniform deformation and coarse slip bands 
development  was  also  observed  in  the  microstructure  of  the 
samples of Inconel 718 deformed at 800 and 850°C (Fig. 9). 
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Fig. 7. Micrograph of the alloy deformed at 720°C, strain rate of 
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Development  of  cracks  followed  by  fracture  in  the  flow 
softening range was also observed in the alloy deformed at these 
deformation temperatures. However, the effect was limited to the 
central part of the compressed sample and did not cause a failure 
of the sample before reaching its imposed maximum strain, as it 
was in case of the samples deformed at the same temperatures 
(720-850°C)  at  lower  strain  rate  (Fig.  8).  The  structural 
observation  results  have  revealed  that  both  nonhomogenous 
deformation (shear banding) and dynamic coarsening of particles 
within  shear  bands  had  also  become  a  very  efficient  structural 
processes which resulted in pronounced load decrease during hot 
compression of solution treated Inconel alloy (Fig. 8 and 9).  
Microstructural  examinations  of  the  samples  revealed 
preliminary  flow  localization  that  cause  structural  components 
localization. One can see on the micrographs of the Inconel alloy 
deformed  at  720°C  at  both  strain  rates  columnar  particles  of 119
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Fig. 3. Flow stress curves for Inconel 718 alloy deformed within 
temperature range of 720-1150°C and at strain rate of 4·10
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The obtained stress-strain curves for both applied strain rates, 
in  the  range  of  720-850°C  particularly,  due  to  fracture  of  the 
samples do not give a true indication of a stationary plastic flow. 
Therefore,  for  an  evaluation  of  coefficients  required  for 
determination of the Q value of deformed Inconel alloy, only data 
obtained in the limited temperature range, were plastic flow was 
stable, namely 900-1150°C, have been used. The flow stress can 
be  selected  as  the  representative  stress  of  each  true  strain-true 
stress curve. Figures 4 and 5 show the relationship between flow 
stress  on  deformation  temperature  and  strain  rate,  respectively. 
The classic interdependence of the flow stress and deformation 
parameters can be seen, namely: the flow stress increased with 
decreasing  deformation  temperature  and  increasing  strain  rate. 
This behavior is similar to the results obtained by Guimaraes and 
Jonas [28].   
For the range of deformation conditions employed, flow stress 
as  a  function  of  deformation  temperature  and  strain  rate  was 
analyzed using a hyperbolic-sine Arrhenius type equation [21-26]: 
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Q  (J/mol)  -  experimental  activation  energy  for  deformation 
process,
T (°C) - deformation temperature, 
V (MPa) - flow stress value (ıpl), or stress coressponds to the first 
maximum at a true stress/true strain curve (ımax),   
R (8,314 J/mol·K) - universal gas constant  
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Since  there  are  four  constants  in  the  equation  (2),  a  linear 
statistical  regression  methods  might  not  be  used  to  determine  the 
values of material constants Į, A, n and activation energy Q. Thus, to 
evaluate these values firstly a value of Į was determined, then the 
values of A, n, Q were calculated and finally the residual sum of 
squares  by  fitting  the  experimental  data  had  been  applied.  The 
residual sum of squares should be treated as a function of Į. The value 
of Į (0.009 MPa
-1) represents the stress reciprocal upon which the 
material changes from power to exponential stress depend.  
Table 2.  
Activation  energy  for  the  Inconel  718  deformed  in  the 
temperature range of 900-1150°C 
Temperature, °C 
900  1000  1050  1100  1150 
Strain 
rate
x H , s
-1 Activation energy Q, kJ/mol 
10
-4  590.1  495.7  443.0  424.9  380.05 
4x10
-4  550.1  461.3  412.4  395.5  353.7 
After the optimum value of Į was determined, the constants 
of A, n were fund to be: A=3.93x10
14s
-1; n=2.21. Thus, equation 
(1) can be expressed as: 
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Activation energy Q for the deformation process of Inconel 718 
is strongly affected by temperature and strain rate (Table 2). 
The  mean  value  of  activation  energy  for  high-temperature 
forming in the range of temperature 900-1150°C is 450,8 kJ/mol. 
For comparison, the activation energy evaluated by Weis [24] was 
423 kJ/mol and Medeiros et al. [25] - 400 kJ/mol. Estimated value 
of activation energy (Q) has a physical meaning and can be used 
in practice for modeling many types of engineering processes, e.g. 
analysis of plastic forming using the Finite Element Method. The 
effect  of  deformation  temperature  and  strain  rate  on  the  flow 
stress  can  be  expressed  by  the  Zener-Hollomon  parameter  Z.  
Fig.  6  shows  relationship  between  the  flow  stress  and  the  Z 
parameter. The flow stress value increased with increasing the Z 
parameter. 
One  must  notice  two  distinguishable  regions  on  the  flow 
stress  curves  of  the  solution  treated  samples  of  Inconel  alloy 
deformed  at  relatively  low  temperature,  namely:  720,  800  and 
850°C and with strain rate of 10
-4 s
-1 (see fig. 2). First region, 
which  occurs  at  applied  strain  not  exceeding  value  of  0.4,  is 
characterized by almost uniform strain increment due to effective 
static  precipitation  of  the  alloy.  The  second  region  is  the  flow 
softening followed by sample fracture at strain not exceeding the 
value of İ §0.6 (Fig. 2). However, the flow stress of the samples 
deformed with higher strain rate (4·10
-4 s
-1) increased to a peak 
value and then rapidly decreased as the strain further increased 
(Fig.  3).  Typical  structure  of  the  solution  treated  sample  of 
Inconel alloy deformed at 720°C at the strain rate of 10
-4s
-1 was 
shown  in  Fig.  7.  Coarse  slip  bands  in  the  grain  interiors  and 
localized  flow  shear  bands  development  was  observed. 
Microshear  bands  may  induce  localized  shearing  within 
neighbouring  grain  due  to  the  local  stress  concentration  at  the 
grain boundary and result in shear band development throughout 
the whole grains. Non-uniform deformation and coarse slip bands 
development  was  also  observed  in  the  microstructure  of  the 
samples of Inconel 718 deformed at 800 and 850°C (Fig. 9). 
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Development  of  cracks  followed  by  fracture  in  the  flow 
softening range was also observed in the alloy deformed at these 
deformation temperatures. However, the effect was limited to the 
central part of the compressed sample and did not cause a failure 
of the sample before reaching its imposed maximum strain, as it 
was in case of the samples deformed at the same temperatures 
(720-850°C)  at  lower  strain  rate  (Fig.  8).  The  structural 
observation  results  have  revealed  that  both  nonhomogenous 
deformation (shear banding) and dynamic coarsening of particles 
within  shear  bands  had  also  become  a  very  efficient  structural 
processes which resulted in pronounced load decrease during hot 
compression of solution treated Inconel alloy (Fig. 8 and 9).  
Microstructural  examinations  of  the  samples  revealed 
preliminary  flow  localization  that  cause  structural  components 
localization. One can see on the micrographs of the Inconel alloy 
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carbides distributed along shear bands (see regions marked with 
arrows in the figures 7 and 8). 
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Fig. 8. Microstructure of the sample deformed at 720°C, strain 
rate of 4·10
-4s
-1
Fig. 9. Optical micrograph for the sample of In718 deformed at 
850°C, strain rate of 4·10
-4s
-1
Coarsened particles within shear bands (Fig. 10) were clearly 
distinguishable at higher magnification while observed by SEM. 
Distribution of carbides was revealed by X-ray mapping method 
at  SEM  and  indicated  coarsened  molybdenum-rich  particles 
within shear band area which were about 3000nm in size. 
A  steady  state  flow  stress  range,  following  the  flow  stress 
maximum,  was  observed  during  high  temperature  deformation 
(900, 1000, 1050, 1100 and 1150°C) (Figs. 2 and 3). A single 
peak  stress-strain  curve  observed  at  high  temperatures  has 
resulted from dynamic recrystallization. The characteristic shape 
of  stress-strain  curves  indicated  that  the  structural  softening 
mechanism  for  the  alloy  deformed  at  higher  temperatures  are 
limited  to  the  dynamic  revocery.  However,  it  was  noted  that 
dynamic recrystallization was a process which has a crucial effect 
on the final value of the flow stress (Figs. 11, 12 and 13). From 
this point of view, it seems clear why there was not any indication 
of  fracturing,  flow  localization  and  why  any  arrangement  of 
precipitations due to heterogeneous form of deformation could not 
be clearly detectable. 
Fig.  10.  SEM  micrographs  of  specimens  and  X-ray  mapping 
results for the precipitates within shear band observed in Inconel 
718 alloy deformed at 800°C and strain rate of 10
-4s
-1
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Fig. 11. Optical micrograph for the sample of In718 deformed at 
900°C, strain rate of 10
-4s
-1
Fig. 12. Optical micrograph for the sample of In718 deformed at 
1050°C, strain rate of 4·10
-4s
-1
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Fig. 13. Optical micrograph for the sample of In718 deformed at 
1150°C, strain rate of 10
-4s
-1
4. Conclusions 
Isothermal hot compression tests were conducted at low constant 
rate in order to test dynamic precipitation and deformation process 
and its effect on the mechanical effects of examined Inconel type 
alloy.  Therefore  the  solution  treated  samples  were  compressed  at 
temperatures below solvus range to induce precipitation process of 
hardening  phases  due  to  overlapping  of  deformation  process.  The 
maximum flow stress value at high temperatures of deformed samples 
was found to decrease with increasing deformation temperature and 
might be attributed to the increased dynamic recovery and dynamic 
recrystallization  rate  as  deformation  temperature  increases.  True 
stress-true strain curves (Fig. 2) confirmed, that strain rate decreasing 
cause result in decreasing of flow stress value ıpl. Decreasing the 
value of strain rate by 4 results in a about 18% flow stress reduction. 
The effect of dynamic precipitation can be recognized as an increase 
of  maximum  flow  stress  at  low  deformation  temperature.  Shear 
banding  and  integranural  cracking  was  intensified  within  the 
temperature  range  of  720-900°C.  Microstructural  observations 
suggested that intergranural cavities growth was responsible for 
load  decrease  and  the  fracture  of  the  material.  Localization  of 
carbides  within  shear  bands  was  observed  for  the  samples 
deformed at 720-850°C. It was found that most of the carbides 
that  precipitate  within  shear  bands  resulting  from  on-going 
deformation process were molybdenum-rich particles. 
The  relationship  between  deformation  parameters  and  a 
maximum flow stress value was described by equation (2). Basing on 
the diagrams - Fig. 3a and b, the factors from the equation (9) were 
determined in order to estimate the mean value of activation energy 
(Q) of high-temperature deformation process of examined Inconel 
718-Q=450.8  kJ/mol.  The  results  (Table  2)  show  that  activation 
energy  depends  on  temperature  and  strain  rate.  Analogous 
dependence  of  deformation  parameters  on  the  value  of  activation 
energy was observed in other alloys systems and metals [26,27]. One 
cannot,  however,  generalize  in  respect  to  the  strain  rate  and 
temperature, the tendency in the change of activation energy for all 
type of materials. It is worth to emphasize that any particular single 
structural  process  could  not  be  ascribed  to  the  value  of  energy 
activation.  Change  of  fraction  of  thermally  activated  dynamic 
recovery process and dynamic recrystallization in depreciation of the 
flow stress value is due to variation of the deformation parameters. It 
would  be  almost  impossible  to  draw  distinction  between  these 
processes on the grounds of an energy activation value. Therefore, 
averaging  Q  values  obtained  from  the  deformation  within  wide 
temperature and strain rate range should be treated as a mathematical 
treatment allowing to determine one of a constant in the equation 
describing the relationship between deformation parameters and flow 
stress value. The relationship between the flow stress, deformation 
temperature  and  strain  rate  can  be  described  by  the  following 
equation: 
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The  results  of  high-temperature  deformation  of  the  superalloy 
Inconel  718  type  may  possibly  find  some  practical  use  in  the 
workshop practice to predict a flow stress values, but only within 
particular  temperature  and  strain  rate  ranges.  Dissimilar  energy 
activation values obtained under various conditions (depending on a 
research centre) or for a variety of materials make impossible to do a 
direct comparison of measurements, e.g. by means of plotting them 
on  one  common  graph  Vpl=f(Z).  One  should  stress  that  a 
mathematical  description  of  the  relationship  between  deformation 
conditions is attributed for the range characteristic for the presence of 
particular phase. Thus, the equation (3) solely refers to the range of 
900-1150°C. 
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distinguishable at higher magnification while observed by SEM. 
Distribution of carbides was revealed by X-ray mapping method 
at  SEM  and  indicated  coarsened  molybdenum-rich  particles 
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results for the precipitates within shear band observed in Inconel 
718 alloy deformed at 800°C and strain rate of 10
-4s
-1
100 m P
Shear band
Fig. 11. Optical micrograph for the sample of In718 deformed at 
900°C, strain rate of 10
-4s
-1
Fig. 12. Optical micrograph for the sample of In718 deformed at 
1050°C, strain rate of 4·10
-4s
-1
100 m P
Fig. 13. Optical micrograph for the sample of In718 deformed at 
1150°C, strain rate of 10
-4s
-1
4. Conclusions 
Isothermal hot compression tests were conducted at low constant 
rate in order to test dynamic precipitation and deformation process 
and its effect on the mechanical effects of examined Inconel type 
alloy.  Therefore  the  solution  treated  samples  were  compressed  at 
temperatures below solvus range to induce precipitation process of 
hardening  phases  due  to  overlapping  of  deformation  process.  The 
maximum flow stress value at high temperatures of deformed samples 
was found to decrease with increasing deformation temperature and 
might be attributed to the increased dynamic recovery and dynamic 
recrystallization  rate  as  deformation  temperature  increases.  True 
stress-true strain curves (Fig. 2) confirmed, that strain rate decreasing 
cause result in decreasing of flow stress value ıpl. Decreasing the 
value of strain rate by 4 results in a about 18% flow stress reduction. 
The effect of dynamic precipitation can be recognized as an increase 
of  maximum  flow  stress  at  low  deformation  temperature.  Shear 
banding  and  integranural  cracking  was  intensified  within  the 
temperature  range  of  720-900°C.  Microstructural  observations 
suggested that intergranural cavities growth was responsible for 
load  decrease  and  the  fracture  of  the  material.  Localization  of 
carbides  within  shear  bands  was  observed  for  the  samples 
deformed at 720-850°C. It was found that most of the carbides 
that  precipitate  within  shear  bands  resulting  from  on-going 
deformation process were molybdenum-rich particles. 
The  relationship  between  deformation  parameters  and  a 
maximum flow stress value was described by equation (2). Basing on 
the diagrams - Fig. 3a and b, the factors from the equation (9) were 
determined in order to estimate the mean value of activation energy 
(Q) of high-temperature deformation process of examined Inconel 
718-Q=450.8  kJ/mol.  The  results  (Table  2)  show  that  activation 
energy  depends  on  temperature  and  strain  rate.  Analogous 
dependence  of  deformation  parameters  on  the  value  of  activation 
energy was observed in other alloys systems and metals [26,27]. One 
cannot,  however,  generalize  in  respect  to  the  strain  rate  and 
temperature, the tendency in the change of activation energy for all 
type of materials. It is worth to emphasize that any particular single 
structural  process  could  not  be  ascribed  to  the  value  of  energy 
activation.  Change  of  fraction  of  thermally  activated  dynamic 
recovery process and dynamic recrystallization in depreciation of the 
flow stress value is due to variation of the deformation parameters. It 
would  be  almost  impossible  to  draw  distinction  between  these 
processes on the grounds of an energy activation value. Therefore, 
averaging  Q  values  obtained  from  the  deformation  within  wide 
temperature and strain rate range should be treated as a mathematical 
treatment allowing to determine one of a constant in the equation 
describing the relationship between deformation parameters and flow 
stress value. The relationship between the flow stress, deformation 
temperature  and  strain  rate  can  be  described  by  the  following 
equation: 
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The  results  of  high-temperature  deformation  of  the  superalloy 
Inconel  718  type  may  possibly  find  some  practical  use  in  the 
workshop practice to predict a flow stress values, but only within 
particular  temperature  and  strain  rate  ranges.  Dissimilar  energy 
activation values obtained under various conditions (depending on a 
research centre) or for a variety of materials make impossible to do a 
direct comparison of measurements, e.g. by means of plotting them 
on  one  common  graph  Vpl=f(Z).  One  should  stress  that  a 
mathematical  description  of  the  relationship  between  deformation 
conditions is attributed for the range characteristic for the presence of 
particular phase. Thus, the equation (3) solely refers to the range of 
900-1150°C. 
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